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Limb Regeneration in the Eye Sockets of Crabs
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Abstract. The eyestalks of crabs were removed and var-

ious tissues of the limbs were autotransplanted into the

empty eye sockets to study the capacity of the limb tissue

to regenerate in a heterotopic site. Autotransplantation

of walking leg tissues into the eye sockets was able to

regenerate complete walking legs in the new site. Auto-

transplantation of tissues of claw digit (dactyl and pollex)

or more proximal claw segments (ischium and merus/

carpus joint) could regenerate complete claws in the eye
sockets. If the autotransplant of claw tissue was contralat-

eral, claws could regenerate with host-site handedness.

Sham operations or autotransplantation of frozen claw

tissue did not induce regeneration in the eye sockets.

These results demonstrate that complete crab claws can

regenerate from the eye sockets by autotransplantation of

live limb tissue and that the regeneration is not due to

the traumatic effect of transplantation.

The structure of the limbs regenerated in the eye sock-

ets was determined by the source of the transplanted tis-

sue. Complete claws resulted from autotransplantation of

the tissues of the most distal claw segments (claw digits),

and the most distal claw segments regenerated first, fol-

lowed by the proximal claw segments in subsequent
molts. Thus tissue from distal portions of crab claw can

regenerate proximal portions of the claw in the eye sock-

ets. Such a mode of regeneration is not consistent with

the distalization rule of the polar coordinate model, which

proposes that distal portions of the limb cannot regenerate

proximal portions and that the direction of limb regenera-

tion is always from proximal to distal.

Introduction

Our previous study (Kao and Chang, 1996) showed that

autotransplantation of claw tissues into the autotomized
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stumps of crab walking legs can induce the stumps to

regenerate claws or chimeras of claw and walking leg.

The percentage of the claw or clawlike structures regener-

ated from the walking leg stumps was higher when the

autotransplant consisted of a combination of claw tissues

than when only a single type of tissue was used. With

contralateral autotransplantation of claw tissues into the

autotomized stumps of the walking leg, the stumps can

regenerate claws with host-site handedness.

To further study whether claw tissues singly or in

combination can regenerate complete claws in a hetero-

topic site that lacks a regenerating limb field, we auto-

transplanted claw tissues into the carapace at sites from

which the eyestalks had been removed (these sites are

hereafter called eye sockets). Crabs can regenerate their

autotomized limbs but not their eyestalks (reviewed by

Hopkins, 1988). There are no reports of crabs found in

nature having limbs in the place of the eyestalks. The eye
sockets thus provided an in vivo environment that was

isolated from the tissue of the autotomized limb stumps.
In this study, we autotransplanted either single claw

tissue or different combinations of claw tissues of the

distal or more proximal claw segments into the eye sock-

ets to determine whether there was any differential regen-

erative capacity. It has been proposed that the distal por-

tions of the limbs cannot regenerate the proximal portions

of the limbs (distalization rule of the polar coordinate

model; Bryant et ai, 1981) and that different sizes or

combinations of tissues can determine the regenerative

capacity of hydra (Shimizu et ai, 1993) or the imaginal

discs of Drosophila (Kauffman and Ling, 1981). In addi-

tion, we contralaterally autotransplanted limb tissues into

the eye sockets to study whether the handedness of the

regenerated limbs would be changed by the host site.

Materials and Methods

Animals and dissection

Two species of crabs were used: Cancer gracilis (range

of carapace width = 6.9-27.9 mm, mean SD = 12.08
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3.49 mm, n = 211) and C. jordani (range of carapace

width = 8.2-17.2 mm, mean SD =
1 1.55 2.67 mm.

n =
12). Specimens were collected subtidally with a hand

net in Bodega Harbor, California. The crabs were kept in

individual compartments to prevent cannibalism (Conklin

and Chang, 1993) and were fed brine shrimp, shrimp

meat, or fish every other day. Crabs were acclimated in

the laboratory for at least one molt prior to experimenta-

tion. Only postmolt animals (less than 3 days after molt)

were used.

Animals were forced to autotomize one limb either

a claw or the fourth walking leg. (Crab limbs are de-

scribed and illustrated in Kao and Chang [1996].) Autot-

omy was achieved by crushing the manus or carpus seg-

ment of the limb with a pair of forceps. For donor tissues,

the dactyl, pollex, ischium, and merus/carpus joint of the

autotomized claw were used. In other experiments, the

dactyl, ischium. and merus/carpus joint of the autoto-

mized walking leg were used. These segments were cut

off with a pair of fine scissors and placed into a depression

slide with a drop of crab saline (440 mM NaCl; 1 1 .3 mM
KC1: 13.3 mM CaCl : ; 26 mM MgCl : ; 23 mM Na:SO4 ;

10 mM HEPES, pH 7.4 with NaOH; 100 units/ml penicil-

lin; 0.1 mg/ml streptomycin; Cooke et ai, 1989). The

slides were placed under a dissecting microscope and fine

forceps were used to carefully pull intact tissues (includ-

ing epidermis and muscle) out of the exoskeleton of each

segment.

Removal of eyestalks and autotransplantation

of limb tissues

One eyestalk of each crab (C. gracilis, n = 211; C.

jordani, n = 12) was extirpated as proximally as possible

with a pair of forceps under a dissecting microscope. This

procedure left an opening at the site of entry of the eye-

stalk into the carapace (eye socket). Immediately after

eyestalk removal, limb tissues were autotransplanted or

sham operations were performed. The animals were then

returned to seawater.

Autotransplantation consisted of pushing limb tissue

into the eye socket, using the blunt end of an insect pin.

until the tissue could no longer be seen with a dissecting

microscope. Transplants were of two types: ipsilateral. in

which claw tissue was removed from one side of the crab

body and placed into the eye socket on the same side

(e.g., left claw tissues autotransplanted to the left eye
socket of the same animal); and contralateral, in which

the claw tissues were placed in the eye socket on the

opposite side of the crab (e.g., left claw tissues autotrans-

planted into the right eye socket of the same animal).

To examine the regenerative ability of different claw

segments, single claw digits (dactyl or pollex), both claw

digits (dactyl and pollex), or proximal segments of the

claw (ischium + merus/carpus joint) were autotrans-

planted into eye sockets. To see whether the host site

could regulate the morphology of the regenerated claw,

different claw tissues (dactyl or pollex) or combinations

of claw tissues (dactyl + pollex. ischium + merus/carpus

joint, or dactyl + pollex -I- ischium) were contralaterally

autotransplanted into eye sockets. To see whether dead

tissues had the ability to induce regeneration in the eye

socket, frozen claw tissues were autotransplanted into eye

sockets.

To determine whether walking legs can regenerate from

eye sockets, tissues from the dactyl, ischium, and the

merus/carpus joint of the fourth walking legs were contra-

laterally autotransplanted into eye sockets. Control sham

operations were conducted by inserting an insect pin three

times into an eye socket. The transplantations were con-

sidered failures if no limb or limblike structure regener-

ated from the eye sockets after the fourth postoperative

molt.

Characteristics of axes and handedness in C. gracilis

For the convenience of description, three axes of claws

are defined. For the proximodistal axis, the proximal seg-

ments are the segments closest to the crab body. The

distal segments are the segments farthest away from the

body. Thus, the coxa and ischium are proximal segments
of the claw; the dactyl and pollex are the distal "digits"

of a claw. For the anteroposterior axis, the dactyl is the

anterior movable "digit" of a claw and the pollex is the

posterior fixed "digit" of a claw. For the dorsoventral

axis, the dorsal surface of the claw manus has four ridges

(carinae. Fig. 1A) along the proximodistal direction. The

ventral surface of the claw is relatively smooth and lacks

carinae (Fig. IB). The dorsal surface of the walking leg

has small granulosa tubercles and darker purple coloration

(Fig. 1C), and the ventral surface of the walking leg is

relatively smooth and lighter in color (Fig. ID). The hand-

edness of a claw can be easily distinguished by bending

it. When the claw dactyl is oriented above the claw pollex,

the right claw bends to the left and the left claw bends

to the right. Handedness of the fourth walking leg can be

identified by combinations of bending and axis character-

istics. When viewed dorsally, the fourth right walking leg

bends in a clockwise direction and the fourth left walking

leg bends counterclockwise.

Results

Autotransplantation of limb tissues into eye sockets of

C. gracilis

After autotransplantation of crab limb (claw or walking

leg) tissues into crab eye sockets, limbs or limblike struc-

tures regenerated from some eye sockets (22.1% of sur-
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Figure 1. Characteristics of Cancer f-riii-ilis limbs. (A) Dorsal surface of claw manus has four ridges

(carinae). (B) Ventral surface of claw manus does not have ridges. (C) Dorsal surface of the fourth walking

leg has granulosa tubercles and darker pigmentation. (D) Ventral surface of the fourth walking leg does

not have granulosa tubercles and has lighter pigmentation.

viving crabs that received live limb tissues, n == 104;

Table I, Fig. 2A-I). According to our definitions, "regen-

erated" limbs contained at least two segments, and their

handedness was recognizable; "limblike" regenerates

consisted of one or more segments, but their handedness

could not be recognized. Autotransplantation of claw tis-

sues resulted in regeneration of claws or clawlike struc-

tures from eye sockets (20.6% of surviving crabs that

received live claw tissues; Fig. 2A-H). Autotransplanta-

tion of fourth walking leg tissues resulted in regeneration

of walking legs or leglike structures from the eye sockets

(33.3% of the surviving crabs; Fig. 21). Sham-operated

crabs or autotransplantation of frozen claw tissues into

eye sockets did not regenerate any limb or limblike struc-

ture from the sockets (Table I).

The number of crab molt cycles needed to regenerate

these structures and the number of claw segments regener-

ated per molt were variable among crabs. Regeneration

of claws with complete segments (Figs. 2A, B, 3A) usu-

ally took two to four postoperative molts. In most cases,

crabs regenerated one or two distal segments after the

second postoperative molt (Fig. 2A, B ) and the rest of the

proximal segments after the third or fourth postoperative

molts. Some crabs, however, regenerated complete claws

after the second postoperative molt (Fig. 3A). Both sham-

operated and autotransplanted crabs regenerated normal

limbs from their autotomized stumps after the first postop-

erative molt regardless of whether limbs (or limblike

structures) were regenerating in their eye sockets. The

duration of the first postoperative molt interval of the

sham-operated (22.44 l.OSd, n = 18) and experimental

(20.8 0.56d, n = 91 ) animals was variable among indi-

viduals of similar sizes and not statistically different be-

tween the two groups (P = 0.094).
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Table I

Summuiy of limb tu.tnr iiiiti>triin.\/>liiiitiitii>ii in the eye socket of

Cancer gracilis ( carapace width = 12.05 3.4(1 mini

Donor tissue
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Figure 2. Limb or limblike structures regenerated from Cancer gracilis eye sockets. (A) Complete

claw regenerated from the eye socket after the fourth postoperative molt (M4). (B) Complete claw with a

mixture of donor and host-site handedness after M4. (C) Claw with dactyl, pollex. and partial manus

segments after the second postoperative molt (M2). (D) Y-shaped limb after M2. (E) Pollexlike structure

after the third postoperative molt. (F) Clawlike structure with manus and carpus segments after M2. (G.

H) Distally tapered regenerates after M4. (I) Complete walking leg after M2.

Handedness of regenerated limbs in C. gracilis

Contralateral autotransplantation of claw tissues into

eye sockets regenerated six claws with recognizable hand-

edness. Among them, two claws had host-site handedness

(Fig. 2A), three claws had donor-tissue handedness, and

one claw had a mixture of host and donor handedness

(Fig. 2B). The two claws with host-site handedness re-

sulted from contralateral autotransplantation of a combi-

nation of distal and proximal claw tissues (dactyl + pollex

+ ischium; Fig. 2A), or proximal claw tissues (ischium

+ menus/carpus joint). The claw with a mixture of host

and donor handedness resulted from autotransplantation

of a combination of distal and proximal tissues (dactyl +

pollex + ischium; Fig. 2B). It had donor handedness at

its distal parts and host handedness at the proximal parts

of the claw. The claw digits regenerated first, and the

proximal segments regenerated during subsequent molts.

Ipsilateral autotransplantation of claw tissues regenerated

three claws with recognizable handedness. These three

claws retained the donor (same as the host-site) handed-

ness (Fig. 2C). Contralateral autotransplantation of the

fourth walking leg tissues into eye sockets regenerated

one walking leg with recognizable, donor-tissue handed-

ness (Fig. 21).

Autotransplantation of claw tissues into eye sockets in

C. jordani

Contralateral autotransplantation of C. jordani claw tis-

sues into eye sockets regenerated one complete and one

incomplete claw (Table II). The complete claw (Fig. 3A)
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Figure 3. Claw regenerated from Cancer jordani eye sockets. (A) Complete claw regenerated from

the eye socket after the second postoperative molt (M2). (B) Incomplete claw with all segments proximal

to the claw digits regenerated after M2.

resulted from contralateral autotransplantation of both

claw digits and had host-site handedness. Like an authen-

tic claw, it contained five segments. The incomplete claw

(Fig. 3B) resulted from contralateral autotransplantation

of the claw pollex and had donor-tissue handedness. It had

a fork-shaped structure at the distal tip and four normal

proximal segments. The fork-shaped structure was regen-

erated first, and the proximal segments were regenerated

in subsequent molts. All sham-operated animals failed to

regenerate limbs in eye sockets.

Discussion

Kim and Stocum ( 1986) autografted anterior or poste-

rior halves of axolotl forearms to eye sockets and ampu-
tated them distally 7 days later. The transplants could not

regenerate proximal structures of the limbs. They either

regressed until a small fragment of the radius remained in

the orbit or regenerated no more than two digits distally.

Pecorino el al. (1996) transplanted the hindlimb distal

blastema to the forelimb proximal stumps of newt limbs.

The proximal part of the regenerate was mostly generated

by the stump, and the transplanted cells made only a

Table II

Siiiiiniiiiy of limb tissue autotransplantation in the eye socket of

Cancer jordani (carapace width = 10.79 4.05 nun)
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reported for crabs. We also did not observe such structures

in our experimental or sham-operated crabs. Some ani-

mals regenerated tapered projections (Fig. 2G, H) or

structures different from the original grafted tissues in the

eyes sockets (Fig. 2E, F). They were, however, neither

an antennule nor an antenna, because both appendages
had multiple segments. Autotransplantation of a single

claw digit into eye sockets resulted in a low percentage

of regenerates in the eye socket, and all the regenerates

were tapered or distally incomplete. We believe that the

claw tissues in the eye sockets underwent regression and

that regeneration of a complete distal structure is depen-

dent upon a complete proximal claw structure. This obeys
the complete circle rule of the polar coordinate model

(French et ui. 1976; Bryant et ai, 1981).

Autotransplantation of a claw pollex into an eye socket

regenerated a claw with incomplete distal segments but

complete proximal segments. A Y-shaped structure ini-

tially emerged from the eye socket after the first postoper-

ative molt, and a claw with complete proximal segments
but incomplete distal segments regenerated from the eye
socket after the second postoperative molt. This result

suggests that claw proximalization, unlike distalization,

need not have a complete structure at the distal tip. Limb

tissues grafted into eye sockets did not regenerate eye
structures. Instead, only limb structures regenerated from

eye sockets. Our results showed that limb tissues are not

pluripotent; their fates have been determined to regenerate

limbs even in the eye sockets.

We observed that claw regeneration in the eye sockets

can proceed from the distal to the proximal parts of the

claws (Fig. 2C, J). This process can occur over four molt

cycles. Examination of dissected animals and crab exu-

viae revealed that this mode of regeneration is produced

by continuously generating blastemas at the proximal
ends of the previous regenerates. The proximal ends of

blastemas and future regenerated claws were not sus-

pended in the crab body. Instead, they fused with tendons

of eyestalks (Fig. 3A), remnants of eyestalks (Fig. 2F),

or the carapace near the eye sockets (Fig. 2C). This ex-

plains why they were not shed with the old exoskeleton

during molt. We observed that although the proximal seg-

ments of the regenerated claws were capable of move-

ment, the dactyl was not. Thus they were not fully func-

tional claws.

In our experiments, a total of 12 limbs (1 1 claws and

1 walking leg) with recognizable handedness regenerated

from the crab eye sockets. Among them, 8 limbs (7 claws

and 1 walking leg) retained the donor-tissue handedness

regardless of whether the autotransplantation of claw tis-

sues was ipsilateral or contralateral. Three regenerated

claws changed from donor-tissue to host-site handedness,

and one regenerated claw had a mixture of donor and host

handedness following contralateral autotransplantation of

claw tissues into eye sockets. The mechanism for change
of handedness of crab claws is unknown, but our observa-

tions suggest that the axis of grafted tissues in the eye
socket has been changed.

Handedness of limbs is determined by the dorsoventral,

proximodistal, and anteroposterior axes. Left and right

hands have the same dorsoventral and proximodistal axes

but are opposite in the anteroposterior axis. One explana-

tion for the change of claw handedness is that the grafted

claw tissues in the eye sockets have been reorganized. It

is known that limb regeneration does not take place by
direct outgrowth but by the production of undifferentiated

blastema cells. The blastema cells are derived from dedif-

ferentiation of stump tissues (Adiyodi, 1972; Stocum.

1991; Tsonis et al.. 1995). Since we grafted a piece or

several pieces of claw tissues into eye sockets, the dedif-

ferentiation process might occur in all pieces of the trans-

plants. Dedifferentiation of limb tissue might generate a

new limb primordia in which the axes are undetermined.

With a complete dedifferentiation of claw tissues in eye

sockets, the handedness of claws might be determined by

the host site. Without a complete dedifferentiation of claw

tissues in eye sockets, the handedness of the regenerating

claw might be inherited from the original donor tissues.

A mixture of donor and host handedness may be due to

the influence of both the donor tissues and the host site.

Alternatively, it is possible that the handedness of the

claws regenerating in the eye sockets might be determined

by a random process unrelated to the handedness of the

grafted tissues or host sites.
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